Evidence is presented for a new pathway of acetone metabolism in Thiosphaerapantotropha. The initial step involves a carboxylation, probably resulting in the formation of acetoacetate. Cells grown on acetone and propan-2-01 fixed large quantities of 14C02, in contrast to cells grown on acetate and acetoacetate. Growth on acetone and propan-2-01, but not on other substrates, was dependent on the exogenous supply of C 0 2 . NMR studies on the labelling pattern of the intracellular poly-p-hydroxybutyrate (PHB) confirmed that C2 units are produced from acetone after initial carboxylation. The metabolism of acetone and propan-2-01 was associated with drastic changes in the ultrastructure of the organisms. During growth on these substrates, proteinaceous, crystalline inclusions were observed. These were absent in acetate-grown cells. The nature of these crystalline inclusions remains to be elucidated.
INTRODUCTION
A number of different pathways for the aerobic microbial metabolism of acetone have been studied by several groups of investigators. Levine & Krampitz (1952) proposed that an unidentified soil isolate oxidized acetone to acetaldehyde and a C1 fragment. Rudney (1954) , studying acetone metabolism in the rat, suggested the hydration of the enol form of acetone to 1,2-propanediol; this was then metabolized to acetol. Evidence for this pathway in microorganisms was given by the work of Lukins & Foster (1963) , who showed that acetol is an intermediate in acetone degradation by Mycobacterium smegmatis. Taylor et al. (1980) also suggested that the metabolism by a soil bacterium of acetone proceeds via acetol. However, an enzyme capable of converting acetone to acetol has not, so far, been described in the literature. Vestal & Perry (1969) showed that isocitrate lyase was induced in Mycobacterium uaccae JOB 5 during growth on propane. This was thought to indicate that propane degradation proceeds via propan-2-01 and acetone to acetol, followed by a cleavage to CI and C2 fragments. Both Coleman & Perry (1984) and Stephens & Dalton (1986) proposed a subterminal oxidation in propane degradation with acetone as an intermediate. From all this work it became clear that at least two pathways of acetone metabolism may exist (Fig. 1) . The main factor in one pathway is that an oxygenase is assumed to catalyse the first step of acetone oxidation.
Robertson & Kuenen (1983) described a new species, Thiosphaera pantotropha, which was capable of anaerobic growth on acetone, with nitrate as electron acceptor. As an oxygenase cannot be involved in this case, another pathway must be present. In this paper, a novel route for acetone metabolism in T. pantotropha is described.
Preparation of cell-fee extracts and enzyme assays. Approximately 0-5-1.0 g wet weight of cells were suspended in 2.0 mlO.1 M-KH~PO,/K~HPO, buffer pH 7.0. These cells were disrupted by sonication at 0 "C with an MSE 150 W sonicator for 4 x 30 s. Whole cells and debris were removed by centrifugation for 2 min at 10000 g. Enzyme assays were done at 30 "C with freshly prepared extracts in a Hitachi model 100-60 spectrophotometer. In all cases the observed rate of absorption decrease was directly proportional to the cell-free extract concentration.
Propan-2-01 dehydrogenase (EC 1 . 1 . 1 .80), acetol dehydrogenase and 1,2-propanediol dehydrogenase (EC 1.1.1.55) were assayed as described by Taylor et al. (1980) . Iswitrate lyase (EC 4.1.3.1) and iswitrate dehydrogenase (EC 1.1 . 1 .42) were determined according to Reeves et al. (1971) . Acetoacetate decarboxylase (EC 4.1 . 1 .4) was assayed spectrophotometrically, following the decrease in absorbance at 270 nm, as described by Fridovich (1972) .
Accumulation and NMR analysis of poly-P-hydroxybutyrate (PHB). The precultures were made in mineral medium, as already described. However, in order to stimulate PHB accumulation, the concentration of the nitrogen source in the final culture was reduced to 0-1 g NH,C1 1-l. Acetone was added to a final concentration of 40 mM. An excess of 13C02 was provided by the addition of NaH13C03 to a final concentration of 50 mM.
After 25 h of incubation at 37 "C on a rotary shaker, cells were harvested and washed with 0.1 M-phosphate buffer pH 7.0. The cells were washed with acetone and dried under vacuum at room temperature. PHB was extracted with chloroform in a Soxhlet apparatus as described by Doi et al. (1986) . The NMR analyses of PHB, dissolved in chloroform, were done on a Nicolet NT-200 WB spectrometer operating at 50.3 MHz for a 13C spectrum and 200 MHz for a lH spectrum at 27 "C.
Analytical procedures. The protein content of whole cells and cell-free extracts were determined by the microbiuret method (Goa, 1953) .
High-performance liquid chromatography (HPLC) was done in a chromatographic system consisting of a Waters model 6000 A pump, a Waters U6K injector, and a Hewlett-Packard 1040 A photodioxide array detector. Proteins were analysed on a Superose 6 size exclusion column (4 x 250 mm, Pharmacia) with 0.1 M-potassium phosphate buffer, pH 6.5, as the eluant at a flow rate of 0.5 ml min-l. Either whole spectra or the absorbances at six wavelengths were recorded with a frequency of 16 spectra or points min-' (Frank et al., 1987) .
Preparation of cellsuspensions for 14C02jixation experiments.
After 24 h growth in the mineral salts medium with 10 mwacetone, the culture was harvested and washed in acetone-free medium. The cells were then centrifuged at 4 "C at lOOOOg for 6 min. The pellet was resuspended in 15 ml of the medium without acetone.
14C02 fixation experiments were done at 30 "C in a 2 ml vial under magnetic stirring. The reaction mixture contained 540 p1 cell suspension and different concentrations of acetone to a final volume of 600 p1. After 2 min incubation, 120 p.1 50 m~-N a H l , C 0~ with an activity of 23.75 pCi ml-l (87.875 Bq ml-l) was added. Samples (100 p1) of the reaction mixture were filtered through 25 mm Gelman membrane filters (pore size 0.45 pm) at fixed time intervals, and washed with HPOt-/NaHC03 buffer (each 50 mM, pH 8.0). The radioactivity of the filters was measured in a Beckman LS 3801 scintillation counter after the addition of 10 ml Scintillator 299 (Packard). To determine the radioactivity of the 50 m~-N a H l , C 0~ solution, 10 p.1 was added to 1 ml Carbosorb (Packard), and counted as described above.
Chemicals. NaH13C03 and NaH14C03 were obtained from Amersham. 13C in NaHI3CO3 was available at an enrichment of 90% 3C. The NaH14C03 had a specific activity of 56 mCi mmol-l. Acetone and propan-2-01 were from Baker Chemicals and bovine serum albumin was from Merck. All other chemicals used were also of analytical grade.
RESULTS
Oxidation of acetone by whole cells T. pantotropha could be grown both aerobically and anaerobically, with nitrate, on acetone and propan-2-01. All studies were done with aerobic cultures. Respiration studies with washed cell suspensions showed that cells grown on a variety of substrates could oxidize acetate (Table  1) . Both acetone-and propan-2-01-grown cells oxidized acetone and propan-2-01, whereas acetate-and glucose-grown cells did not. This suggested that the metabolism of acetone and propan-2-01 proceeds via the same or a closely related pathway in this organism. Cells grown with 1,2-propanediol showed only a low oxidation rate for propan-2-01, and could not oxidize acetone.
Activities of enzymes in cell-free extracts Propan-2-01 dehydrogenase was not detected in either acetone-or propan-2-01-grown cells. Control experiments with Arthrobacter A1 confirmed the reported levels of this enzyme [0.210 pmol min-l (mg protein)-', Taylor et al., 19801. Propan-2-01 dehydrogenase in T. pantotropha was also not detected in assays using phosphate buffers over a pH range of 7-10, The substitution of NADH by NADPH or FADH also yielded negative results. Furthermore, the use of an artificial electron donor such as PES (phenazine ethosulphate) in combination with DCPIP (2,6-dichlorophenolindophenol) failed to detect propan-2-01 dehydrogenase activity. Acetol dehydrogenase was also not detected. All extracts prepared from cells grown on acetone, propan-2-01 or acetate showed a high NADP-dependent isocitrate dehydrogenase activity [0.280-1.500 pmol min-I (mg protein)-' 1.
Isocitrate lyase was detected in Arthrobacter Al, [0-020 pmol min-' (mg protein)-', Taylor et al., 19801, but not in T. pantotropha. As isocitrate lyase was also not detected in acetate-grown cells it seems likely that T. pantotropha, like the physiologically related Thiobacillus versutus (Claassen et al., 1987) , does not metabolize C2 compounds via the glyoxylate cycle under normal aerobic growth conditions. All these results indicated that the acetone-metabolizing pathway operating in T. pantotropha is different from those reported in the literature.
Dependence of acetone metabolism on exogenous C 0 2
A novel metabolic route for (an)aerobic acetone metabolism might involve a carboxylation of the methyl group. This would be analogous to the carboxylation of pyruvate to oxaloacetate found in anaerobes such as the propionic acid bacteria Propionibacterium acidipropionici and Veillonella alcalescens (Schlegel, 1985) . Carboxylation of acetone would produce acetoacetate, which is a key intermediate in most aerobic and anaerobic bacteria.
CH3-CO-CH3
+ C02+CH3-CO-CH2-COOH Growth studies with T. pantotropha in shake flasks with KOH in a centre well (to absorb*C02) revealed that the organism could only use acetone as a growth substrate in the presence of C02. This indicated that C 0 2 is a necessary growth factor. Growth on propan-2-01 was also dependent on the presence of C 0 2 . In contrast, growth on several other substrates including acetate, acetol, propanol, 1,2-propanediol and acetoacetate was not affected by the removal of C02. It can therefore be concluded that the catabolism of acetone and propan-2-01 by T. pantotropha proceeds via a metabolic route that differs from that used for other C3 compounds, including 1,2-propanediol. As 1,2-propanediol is a presumptive intermediate in most of the known pathways of acetone metabolism (Fig. I) , this also indicates that T. pantotropha is using a novel route.
In vivo fixation of I4CO2
The lack of growth in the absence of C 0 2 suggested that C 0 2 uptake was a necessary step in acetone and propan-2-01 breakdown. It was therefore attempted to quantify C 0 2 fixation via radiorespirometry in acetone-grown cells. It was observed that the amount of 14C02 fixed into biomass was a function of the initial acetone concentration (Fig. 2) . Acetate supplied to acetone- grown cells gave a very low level of C 0 2 fixation. C 0 2 fixation with acetone was approximately 10-fold higher than that in the presence of acetate. When the cells had been pregrown on acetate rather than on acetone, the short-term 14C02 fixation with acetone as a substrate was insignificant (data not shown).
Evidence for 3 C 0 2 Jixation during synthesis of PHB from acetone Since carboxylation of acetone would result in the formation of acetoacetate, it was anticipated that this intermediate could not only serve to produce acetyl CoA for biosynthesis and energy generation, but also as the precursor of the synthesis of PHB. Under some growth conditions (e.g. under nitrogen limitation), PHB can constitute as much as 50% of the total biomass in T. pantotropha. Incorporation of labelled C 0 2 into PHB might thus be expected to reflect the labelling of acetone. Therefore, 13C02 incorporation into PHB was studied in a nitrogen-limited culture of T. pantotropha grown with excess acetone and C02. Qualitative analysis of PHB formation in cultures was done with NMR spectroscopy. By using 13C02 in these experiments, the position of the C 0 2 incorporated in the PHB molecule could be detected. Fig. 3 shows a 200 MHz 'H-NMR spectrum of unlabelled PHB. In this spectrum four lines are observed, representing the four carbon configurations in the molecule. When PHB which had accumulated in cultures with an excess of acetone and 13C02 was analysed, only the two lines representing the two 3C-labelled carbon configurations at 169.074 and 67.600 p.p.m. were observed (Fig. 4) . The three lines at 77-0 p.p.m. are (as in Fig. 3 ) due to the chloroform, which was used as the solvent for the PHB extraction. This NMR spectrum thus reveals that 13C02 was incorporated only in the C-1 and C-3 positions.
Ultrastructure of acetone-and propan-2-01-grown cells
Electron micrographs of cells grown on acetone or propan-2-01 revealed the presence of crystalline proteinaceous inclusions. (Fig. 5) . These structures were only produced at the end of the exponential growth phase in cells grown on either acetone or propan-2-01 and were absent in acetate-grown cells.
HPLC analysis of extracts (Fig. 6 ) of cells grown on acetone and propan-2-01 revealed the presence of a protein with an M , of about 172 500 at a retention time of 22.30 min and another peak with an M , of about 100500 at a retention time of 24.72 min. These two peaks were absent in extracts from acetate-grown cells. Fig. 3 (a) . The peak at 76.977 is due to the chloroform solvent.
E . M . B O N N E T -S M I T S A N D OTHERS

DISCUSSION
Evidence for 3 C 0 2 fixation during synthesis of PHB from acetone The labelling pattern of the 13C02-NMR spectrum of PHB (Fig. 4) can be explained by assuming that acetoacetate is the first product of acetone metabolism. C 0 2 is coupled to one of the methyl groups of acetone to form acetoacetate. Acetoacetate can then be metabolized by means of a direct conversion to acetoacetyl-CoA, which may be followed by reduction to phydroxybutyrate. The resulting PHB would then contain a label at the C-1 position. AcetoacetylCoA might also be converted to acetyl-CoA for biosynthesis. Particularly during nitrogen limitation, a large pool size of acetyl-CoA would allow re-synthesis of acetoacetyl-CoA, which then would result in PHB with a label at either the C-1 or the C-3 position. Thus the highest amount of label at the C-1 position and the somewhat lower amount of label at the C-3 position would be consistent with acetoacetate (or acetoacetyl CoA) as the first product. A similar pathway has recently been described for anaerobic acetone metabolism by an anaerobic enrichment culture producing methane from acetone (Platen & Schink, 1987) . The evidence indicates that in a coculture of two organisms, acetone is carboxylated to acetoacetate by a eubacterium, which subsequently excretes acetate. The acetate can then be metabolized by a Methanothrix sp. to give methane. this reason, it was considered likely that the pathway of acetone and propan-2-01 metabolism would be essentially the same in aerobicallygnd anaerobically grown cells. It is clear that this pathway would circumvent the requirement for an oxygenase as proposed for other organisms, and thus would explain the ability of T. pantotropha to grow anaerobically on acetone and propan-2-01 in the absence of oxygen.
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